Itinerant Ferromagnetism in the electronic localization limit 
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We present Hall efltect, Rxy{H), and magnetoresistance, Rxx{H), measurements of ultrathin films 
of Ni, Co and Fe with thicknesses varying between 0.2-8 nm and resistances between 1 Mfl - 100 Q. 
Both measurements show that films having resistance above a critical value, Rc, (thickness below 
a critical value, dc) show no signs for ferromagnetism. Ferromagnetism appears only for films with 
R < Rc, where Rc is material dependent. We raise the possibility that the reason for the absence 
of spontaneous magnetization is suppression of itinerant ferromagnetism by electronic disorder in 
the strong localization regime. 

PACS numbers: 72.15.Rn; 75.70.Ak; 73. 61. At 



Ferromagnetism in the transition metals (Fe, Co and 
Ni) relies, at least partially, on the itinerancy of the con- 
duction band electrons. The balance between kinetic en- 
ergy loss and exchange energy gain leads to polarization 
of the band electrons and to magnetic order. It is inter- 
esting to ask what happens when the mobility of the elec- 
trons is strongly suppressed by disorder. In the extreme 
case electrons can be localized with localization length 
^, that may be of atomic scale. Under these conditions 
one may expect itinerant ferromagnetism to be entirely 
suppressed since the electronic functions do not overlap 
and exchange energy is no longer relevant. This may be 
analogous to the situation in uniform disordered super- 
conductors, where the superconductivity is suppressed 
by strong disorder as a result of disorder induced pair 
breaking (see for example [H, H, Q)- 

In order to achieve high enough disorder for significant 
localization in homogeneous metallic materials it is neces- 
sary to use very thin amorphous films having thicknesses 
of a few mono-atomic layers in which the sheet conduc- 
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tance can be of the order of ^ or less. For this purpose 
the samples studied in this work were Ni, Co and Fe thin 
films fabricated using "quench condensation" (evapora- 
tion on a cryo-cooled substrate). This technique allows to 
deposit sequential layers of ultrathin films and measure 
transport without thermally cycling the sample or expos- 
ing it to atmosphere. If a thin underlayer of Ge or Sb is 
pre-deposited before quench condensing a metal film, the 
underlayer wets the substrate thus enabling the growth of 
continuous ultrathin amorphous layers even at monolayer 
thickness Q. The underlayer being an insulator at low 
temperatures is assumed to have negligible effect on the 
electric properties of the metal [3,|i| . The abihty to study 
a single sample while driving it from strong localization 
to weak localization has been vastly used in the context 
of the superconductor-insulator transition. In the cur- 
rent work we used this technique to drive a ferromag- 
netic amorphous film from strong to weak localization. 
We studied Ni, Co and Fe films having resistance in the 
range of 1 MH. - 100 ft and thicknesses of 0.2-8 nm. The 
films were evaporated on a 2nm thick layer of Sb or Ge, in 
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FIG. 1: Relative conductivity versus the thickness in mean 
free path units for a Fe sample . The solid line is a fit to eq. 
1. The insets show resistance as a function of temperature in 
the weak (a) and strong (b) localization regime (for 3.5 and 
0.3 nm thick samples respectively). 

a Hall bar geometry allowing 4 probe resistance and Hall 
effect measurements. Both sample resistance and thick- 
ness were monitored during the growth and the process 
was stopped at different evaporation stages. Room tem- 
perature AFM measurements of these films (performed 
in ambient after heating them up) reveal thickness rough- 
ness smaller than Inm. 

Figure 1 shows the normalized conductance versus 
thickness of a Fe sample. The data is fitted the following 
expression extracted from the scaling theory of localiza- 
tion 1,0: 



a/ao = 1 - 3A/{2kjdl)ln[T^/37 



(1) 



where ctq is the Drude conductivity, kf is Fermi wave 
length of the bulk, d is the thickness of the film and 
T and Tip are the transport and dcphasing time respec- 
tively. Eq. 1. is well known in the theory of weak local- 
ization. We have introduced a phenomenological factor 
A«3 which enables us to extend the fit well beyond the 
expected validity range into the strong disorder regime. 
The discussion on justification of this procedure will be 
presented elsewhere 0]. The fitted relevant lengthscales: 
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I (nm) 


(nm) 


i?c {^) 


dc (nm) 


M (mb) 


Fe 


0.4 


46 


80fc 


0.5 


2.2 


Co 


0.29 


21 


lOfc 


0.8 


1.7 


Ni 


0.27 


25 


2fe 


1.8 


0.6 



TABLE I: Mean free path, 1, dephasing length, l^, critical 
resistance and thickness for the appearance of ferromagnetic 
signatures, Rc and dc, and bulk magnetic moments, ^b, for 
the Ni,Co and Fe films use in this study. 



1-the mean free path and l^p - the dephasing length are 
listed in table 1. The insets depict the resistance versus 
temperature curves for 0.3 nm and 3.5nm thick Fe film 
showing Efros-Shklovskii like hopping behavior and log- 
arithmic dependence typical of weak localization behav- 
ior respectively. Extracting the localization lengths from 
such R(T) curves allows us to determine the crossover 
from strong localization (^ < L^) to weak localization 
(^ > L^) at a sheet resistance of ^ 10 kU, and thickness 
of ^ 0.8 nm. 

In order to probe the magnetic state of the films we 
measured both Hall effect (HE) and magnetoresistance 
(MR) for each evaporation stage by applying a magnetic 
field perpendicular to the films. All presented results 
were obtained at T=4K. Hall resistivity in magnetic ma- 
terials is combined of the ordinary part, poi observed 
in all normal metals due to the Lorentz force which is 
proportional to the magnetic field, H, and the extraor- 
dinary Hall effect (EHE), p^y, which is proportional to 
the magnetization of ferromagnetic films, M, so that 
Pxy o: ReheIJ-qM , Rehe being the extraordinary Hall 
effect coefficient. The two processes, which are believed 
to have the major contribution to the EHE, skew scat- 
tering and side jump, are both scattering processes, and 
the EHE is expected to depend on the longitudinal re- 
sistivity (which is also due to scattering) in the following 
way: 



Rehe — apxx + bp^^ 



(2) 



where a is the skew scattering coefficient and b is the side 
jump coefficient. Gerber et-al [3| showed that for very 
thin films the dominant factor is skew scattering and pxx 
was found to be proportional to pxy for Ni films between 
4 to 20 nm thick. For high magnetic fields the magneti- 
zation saturates and only the ordinary part contributes 
to the magnetic field dependence of the HE. Studying the 
EHE is an elegant way to measure magnetic properties 
of thin films using transport measurement, in particular, 
the saturation magnetization can be obtained by extrap- 
olating the Hall resistance to zero field. 

Fig 2a. shows the Hall effect of sequential quench con- 
densed layers of Ni. Down to a sheet resistance of 2 kO 
(1.8 nm thick) only the ordinary Hall effect is observed. 
As more material is added and the resistance further de- 
creased an EHE contribution develops and increases with 
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FIG. 2: Hall effect (a) and magnetoresistance (b) measure- 
ments of sequential quench condensed Ni films. T=4.2K. The 
dash line in the negative MR of the 0.3 kfl stage is the fit 
for to the AMR phenomenological expression in eq. 3. The 
solid lines in the positive MR curves show fits to the anti 
weak-localization theory of ref 9] with /=0.265 nm, l^p — 25 
nm and Iso equal to 20, 21.6 and 22.7 nm for films with sheet 
resistance 6, 4, and 2 feSl respectively. 



increasing thickness. This defines a critical resistance, 
Rc, and critical thickness, dc, for the appearance of the 
EHE. Fig 3 shows both the longitudinal resistivity, pxx, 
and the transverse (Hall) resistivity (determined from ex- 
trapolating to H=0), Pxy, as a function of thickness for a 
typical Ni sample, pxx decreases monotonously while pxy 
is zero for the thinnest films. For films thicker than 2 nm 
Pxy increases with thickness until at d=4-5 nm it changes 
its trend. For thick enough samples (d>4 nm) pxy oc pxx 
in accordance with If the Rehe oc pxx expression is 
extrapolated to smaller d, our results indicate that the 
macroscopic magnetization, M, is zero for very resistive 
samples in the strong localization regime, it grows in an 
intermediate regime until it reaches saturation for films 
having sheet resistance below 500 ft. 

Interestingly, the magnetoresistance also undergoes a 
unique crossover at the same critical region. For high re- 
sistance (small thickness) a positive magnetoresistance is 
observed, whereas for R < Rc {d > dc) the MR changes 
sign and becomes negative, saturating at fields above a 
saturation field, Hs- This is seen in figure 2b which shows 
that the MR exhibits a change of MR sign for resistances 
below 2 kn {R< Rc). 

Similar behavior is observed in Co and Fe as well, how- 
ever Rc and dc vary from material to material. Table 
1 summarizes the critical thicknesses and resistances for 
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which EHE appears and the MR changes sign for the 
three transition metals. 

Just Hke the emergence of EHE, we interpret the MR 
sign change as a signature for the appearance of ferro- 
magnetism in the film. Positive MR such as seen in our 
thin layers is also observed in quench condensed non- 
magnetic layers such as Ag, where the MR remains pos- 
itive for films with resistance as low as 100 $7. This be- 
havior is understood as being due to weak localization 
in the presence of strong spin orbit. Since the films are 
ultrathin, one can indeed expect strong Rashba spin or- 
bit scattering Q on the surface leading to weak anti- 
localization and positive MR. The solid lines in fig 2b 
shows fits of our curves to the spin-orbit weak localiza- 
tion expression [§]. The spin orbit length, I so, grows as 
the film thickens as can be expected if Rashba spin orbit 
is the dominant factor. 

The crossover to negative MR occurs only in ferro- 
magnetic materials. Dugaev [loj | showed that weak anti- 
localization due to spin orbit interaction does not oc- 
cur in ferromagnetic systems so that if ferromagnetism 
is present in a film, the MR should be always negative. 
Hence, the MR sign change is also an indication for the 
appearance of magnetization in the film. We have tried 
to fit the negative MR curve to the Dugaev expression 
[lo| but could obtain reasonable fits only for very thin 
(d < 0.5nm) Fe layers @. For thicker samples we find 
that the curves are well described by anisotropic magne- 
toresistance (AMR) typical to ferromagnetic films. Since 
the field is applied perpendicular to the current direc- 
tion one can expect a negative contribution that should 
depend quadratically on the angle between the current 
and the magnetization We have fitted our curves to 
the following phenomenological expression that assumes 
quadratic dependance of Ai? on H for low fields and sat- 
uration for fields larger than the saturation field, Hs'- 



AR{H) = Ai?(oo) 



i/2 



HI 



(3) 



A typical fit is seen in the 0.3 kfi stage in fig. 2b. The 
extracted saturated fields from these fits match those ex- 
tracted from the Hall effect curves for all stages of evap- 
oration. 

Hence both HE and MR measurements imply that 
for strong enough disorder, R > Re, the sample does 
not show signs of spontaneous magnetization and that 
ferromagnetism emerges only for films characterized by 
smaller resistances. One may wonder whether this ef- 
fect can be due to granularity in the film. While the 
samples are electrically continuous for films with thick- 
nesses of 0.2 nm we can not rule out the presence of 
some film granularity. For comparison we have produced 
granular films of Ni with grain sizes of about 20 nm in 
diameter and 2 nm in height . These are achieved by 
quench condensing Ni on a bare Si/SiO substrate with- 
out depositing a Sb or Ge wetting layer [H, Q. For 
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FIG. 3: Longitudinal, p^x, and saturated transverse (Hall) 
resistance, pxy of a homogenous Ni sample versus the thick- 
ness of the films. The inset shows the saturated transverse 
(Hall) resistance, Rxy versus longitudinal sheet resistance of 
a Ni granular film. 



the thinnest films of this type the grains are superpara- 
magnetic showing no hysteresis in the magnetoresistance 
curve [lj||. In the granular case, EHE is observed even 
for the highest-resistance measured samples i? ~ 1 Mfi. 
As material is added the resistance drops considerably, 
however, the Hall effect resistance hardly changes until 
i? < 10 kfl, as can be seen in the inset of fig 3. Such 
behavior has been also reported for granular Fe prepared 
by different methods 15] where it was understood that in 
the granular case the EHE is due to scattering within the 
grains rather than being due to hopping between grains. 
For i? < 10 kil Rxy reduces linearly with Rxx- This is 
the regime in which the grains are expected to coalescing 
and the behavior approaches that of a continuous film. 
In any case, a granular film behaves very differently than 
our uniform films. 

We have also considered the possibility that appear- 
ance of the magnetization is a function of the film thick- 
ness. A number of experiments on epita xial l y g rown Ni, 

fil have 



Co and Fe thin films on Cu substrates 3, 13, 
shown that the Curie temperature, Tc drops sharply to 
zero for thicknesses approaching an atomic monolayer. 
These samples were ordered crystalline films and the sub- 
strates were metallic, hence, no effect of electron local- 
ization could be expected. The suppression of Tq was 
interpreted as the formation of magnetic dead layers due 
to electronic hybridization with the states in the Cu sub- 
strate. This reduces the density of states and the Stoner 
criterion is defied. A similar conclusion was drawn by 
Bergman [i^] who saw no signs for magnetization in the 
Hall effect of quench condensed Ni evaporated on an 
amorphous metallic PbjzBi2^ substrates for films thinner 
than 2.5 monolayers. It seems that our results are differ- 
ent from all the above. We note that our films are grown 
on insulating substrates, hence electronic hybridization 
is not relevant. Consequently we are unable to detect 
magnetization in Ni films that are 1.8 nm thick 7 
monolayers) , which is much thicker than any of the pre- 
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FIG. 4: Hall effect measurements of a series of a 1.1 nm Co 
film coated by Ag overlayers. The inset shows the saturated 
transverse (Hall) resistance, Rxy of a 2nm thick Ni film (a) 
and a Inm thick Co sample (b) versus the thickness of the Ag 
overlayer. 

vious experiments. 

In order to test the notion that localization of the con- 
duction electrons and not the thickness of the films is 
the cause for absence of magnetization we performed an 
experiment designed to vary the degree of localization 
without changing the ferromagnetic layer thickness. For 
this purpose we deposited thin layers of normal (non- 
magnetic) Ag on top of a thin ferromagnetic layer in 
the vicinity of Rc- The normal metal is not expected 
to increase the amount of magnetic material but it can 
reduce electron localization and screen out electronic in- 
teractions. This is similar to an experiment performed 
on ultrathin layers of superconductors in which the crit- 
ical temperature is suppressed by disorder [2l|, |22| • Such 
films exhibit an " inverse proximity effect" ; Addition of 
ultrathin normal metal layers acts to increase Tc rather 
than reduce it as expected from the proximity effect. 
In our ferromagnetic films we find a similar effect. For 
thick films, adding any amount of an Ag overlayer re- 
duces the EHE signal. This is the case for Ni films for 
which dc ~ 1-8 nm. Indeed one expects that electronic 
hybridization with the Ag electrons should suppress fer- 
romagnetism. On the other hand, for 1 nm thick Co 
films, the first few Ag overlayers have an opposite effect. 
As can be seen in fig. 4, adding ultrathin normal metal 
layers plays the same role as adding ferromagnetic layers 
in that it increases the EHE signal. Thick enough Ag 
overlayers result in a change of trend and suppression of 
the EHE. This is seen in the inset of fig 4 where we com- 
pare the outcome of adding ultrathin layers of Ag to 2 nm 
thick and 1 nm thick ferromagnetic films. The results of 
the Inm Co film demonstrate that reducing the disorder 
without changing the ferromagnet thickness results in an 
increase in the magnetization despite the fact that there 
is a competing effect of electron hybridization. 

In summary, our results show that no ferromagnetism 
can be detected by Hall effect or magnetoresistance mea- 
surements for films having resistances larger than Rc- 
We note that Rc, which is material dependent, seems to 



correlate with the material atomic magnetic moment /z, 
as can be seen in table 1. Hence it is possible that the 
critical point at which magnetization appears in the film 
is related to the fraction of magnetization that is due to 
localized moments on the atoms. Clearly, more theoreti- 
cal work is required to clarify the interplay between itin- 
erant ferromagnetism and Anderson localization. Such 
research may prove to be very useful in shedding light on 
the old puzzle of the origin of magnetism in the transition 
metals. 
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ported by the Israeli academy of science (grant number 
249/05). 
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